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The last sentence of the First paragraph of the section
entitled '"DISCUSSION OF FLOW PHENOMENA" (p. 7) has been found to
be In error. Lines 15-17 of this paragraph should read as follows:

"faghlon; whereas, & conventional section is cheracterized by an

initial separation which occurs at & much hilgher angle of atback
end further aft on the alrfoil surface."”
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AERODYNAMIC CHARACTERISTICS OF A L45° SWEPT-BACK WING
WITH ASPECT RATIO OF 3.5 AND NACA 25-50('05)-50(05)
AIRFOIL SECTIONS
| By Anthony J. Proterra

SUMMARY

The results of an investigation to determine tho aerodynamic
characteristice at high Reynolds numbers and low Mach numbers
of a 45° swept-back wing with aspect ratio 3.5, taper ratio of 0.5
and circular-arc sectionas are prescnted in this report. Scale
effects were investigated at Reynolds numbers ranging from
2.1 x 109 to 8.0 x 106; the effects of yaw wore investigated
at a Reynolds number of 4 ix10

The results indicate that the wing hes poor characteristics

. from low-speed considerations. The wing has a maximue 1ift
coefficient of approximately 0.87 and has high drag at high angles
of attack. The longitudinel stability is neutral up to & 1ift
coefficient of approximately 0.3 and increases above this value

to & Lift coefficlent of approximately 0.5. Between a 1lift
coefflcisnt of 0.5 and maximum 1ift coefficient chax the wing

is longitudinally unstable but at Cr,,, the wing has a diving

tendency. The effective dihedral is positive up to a 1ift coefficisat
of 0.45 but is negative above this value. The wing has neutral
directional stability up to a lift coefficilent of 0.45 and is
directionally unstable at higher ‘1ift coefficients. The 1lift,

drag, and pitching-moment coefficlents are almost unaffected by
varlations in Reynolds number.

INTRODUCTION

The proposed use of swept and low-aspect-ratio wing plan forms
and biconvex profilss to minimize compressibility effects at transonic
and supersonic speeds has omphasized the need for data on the full-
scale asrodynamic cheracteristics of these wings at low Mach numbers.
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A study is, therefore, being made in the Langley full-scale tunnel
of the low-speed characteristics of wings having l0-percent-thick
circular-arc supersonic airfolls and verious high-lift devices. As
a part of this sbtudy an investigstion has been made with s 45° swept-
back wing of aspect ratioc 3.5 and taper ratio 0.5.

The present paper presents the scale effect on the longliudinal
aerodynamic cheracteristics, the aercdynamic cheracteristics in yaw,
and the tuft studies for 0° and 3.7° yaw. The results of the effect
of leading~edge and trailinz-edge flaps on the aerodynamic character-
istlce of the wing will be presented in later reporis.

COEFFICIENTS AND SYMBOLS

The data are referred to the stadbllity axes, which are a system
of axes In which the Z-axls is in the plane of symmetry end perpen-
dicular to the relative wind, the X-axie 1s in the plane of symmetry
and perpendicular to the Z-axls, and the Y~axis is perpendlcular to
‘the plane of symmetry. The origin was located at quarter chord of
nean aerodynamlc chord. The positive directions of forces,.of . -
moments, of angular displacements of the model are glven in figure 1.

oy, 11ft coefficient (<ift
oS
Cx longitudinal-force coefficient (-XE) .
. . L. I\gS/
Cy lateral-Torce coefficient (:I—-S-
Cyp pltching-moment coefficient (——g—; S
' asc .
Cp yaying-moment coefficient f——) .
o - asSb )
Cq rolling=moment coefficlent. |-} -
. , g93b ;.
X longttudinal force, pownds
Y lateral force, pounds
M pliching moment about the g foot=povnds; positive uwhen the
L’ .

moment-tends to increase. angld” of a'btgck C

: .
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yawing moment about the % , Toot-pounds; positive when the
moment tende to retard the right wind panel

rolling moment about the [ , Toot-pounds; positive when the
noment ténde to raise the left wing pansl

ratecof change of rolling-moment coefficient with angle of yaw,
d._.flr s DOY d.egr_ee_' |
ra.tgcof 'chanée of yawing-moment coefficlent with angle of yaw,
n
ﬂ ; pexr degree

. re.tﬁ)i of change of latersl-force cosfficlent with a_.ngle:of ya.if > .

v T degres |
free-stream dynamlc pressure ( %pve)
free-gtream velocity, feet per second
wing area (231 sq £t)
wing span (28.5 £%)

mean serodynamic chord measured pa.rallel to plane of symmstry
(8.37 £1)

distance from lsading edge of root chord to guarter chord. -
of the mean serodynemic chord (9.03 £t)

Reynolds number ( Y-}’-)

angle of attack measured in pla.ne of symmstry, deogroes
angle of yaw, posi’biva when right wing pa.nel is ratard.ed.
" degrees ; .

kinematic viscosity, square feet per second

MODEL

‘The plan form of the wing is given in figure 2. A general

view of the wing mounted. on full-scale tunnel balance supports is. -
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ghown in figure 3. The wing has en angle of sweep of 45° at the
quarter~chord line. The alrfoll gections perpendicular to the
50~percent chord line are circular-src sections and have a maximum
thickness of 10 percent at the 50-percent chord. The model has

an aspect ratio of 3.5 and a taper ratio of 0.5 with the wing

tipes slightly rounded. The wing has no geometric dihedral or twist.

The wing was constructed of 1/h-inch alumimm sheet reinforced
by steel channel spars. The wing swfaces were about the equivalent
in roughness to conventional thin dural sheet construction with
dimpled skin and unfllled flush rivets. The wing construction
wag extremely riglid and 1t ig not believed that deflectlons of any
appreciable magnitud.e occtrrred during the tests. o

TEST PROCEDURE

All 'bests were made threwugh an angle-of-attack range from -1©
to 28° and readings were taken at increments of 2° angle of attack
except near maximmn 1ift where increments of 1° were used. ..

In order to determine the scale effect on 'bhe aerodynamic
characteristics at 0° yaw the wing was tested ‘throuch & Reynolds
pumber range of 2.1 X 1,06 to 8.0 x 106. 'This was accomplished.
by -varying the tunnel speed. Lo

The wing was tested through 'hh.e angle-of -yaw range from -6°
%o 21°. The usual six components of force and moment were measured.
Visual tuft studles and motion plctures were made of the action -of
tufts which were attached to the wing upper swrface. These tests

were made at a Reynolds number of approximatoly. L.l x_loé;..-
RESULTS

The Jebt~-boundary effects ; the blocking effects, the s‘cream
alinement, and the tares caused by the wing aupporb gtruts were
calcula'bed. for the zerc yaw condition and were used for correcting
the angles of attack, the longitudinal~-force, the lifYy, and the . .
pitching-moment coefficients of the data glven herein at all
angles of yaw. No correctiong were applied to the yavwing . and
rolling-moment coefficients. Dug to the elight varlation of the
tunnel speed with engle of attack the resulte in figure k& and figwe 5
are presented for Reynolds nmnbers at zero lift and at maximum 1ift,
respectively.

For convenience the discussion is presented in three parts.
The first part deals with the scale effect on the asrodynamic

v .
AT “ L.t . .
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characteristics (figs. & and 5), the second part deals with the
asrodynamic characteristics in yaw (figs. 6 and 7), and the third
part deals with the visusl tuft studies (fig. 8).

Scale Effect on the Asrodynamic Characteristics at Zero Yaw

The effect of Reynolds numbeyr on the asrodynamic cheracteristics
of the wing is shown in figure 4. The lift-curve peaks, the dreg,
and the pitching-moment ccefficients were almost unaffected by
varietions in Reynolds number. The pitching-moment curves (fig. k(c))
indicate that the wing will be neutrally stable up to & 1ift - '
coofficient of approximately 0.3 and above this value to & 1ift
coefficient of approximately 0.5 the longltudinsl stability of the
wing increased. The increased stabillity between 1lift coefficlents
of 0.3 and 0.5 for the wing is attributed to an outward shift in
the spanwise location of the center of pressure on each wing panel.
From the lift coefficient of 0.5 to about Crpyy the pitching-
moment curves indicats a rapid increase in pitching momsnt in the
unstable direction. This increase is attributed to lnward shift in
the spanwlse location of the center of pressure on sach wing panel.
Tuft observation (fig. 8(a)) indicates that &s the 1ift coefficient
is increased from approximately 0.5 to &bout Crp.y, the stall moves
progressively toward the center sections of the wing. The pitching-
momsnt curves also indicate that the wing at about Ory,, will have
2 diving tendency. [The diving tendency at ebout COpg,, would
indicate & loss in the load at the root section. Tuft observetion
(fig. 8(a)) at this attitude indicates that the air flow becomss
spanwise and rough near the center portions of the wing. At angles
of attack up to approximately 8° the slope of the 1ift ourve _
increased wlth angle of attack. Abovs this value the slope decreased
wlth angle of attack. The drag of the wing is considered fairly high
at high angles of attack when compared with round-leading-edge wings.

To show more clearly the variation of Cimax Wwlth Reynolds
number, & curve of Cr,., &gsinet Reynolds number is plotted
in figure 5. This cwrve indicates that-variation of the Reynolds
nurmber had nc apprecieble affect on CIpgy,. This is trus both :
bacause of the fact that the sherp leading edge fixes the point of
initial separation, &nd alsc because in gensral the scale effect
on C is small on highly swept-back wings (reference 1).
Discounting irregularities at the lowest Reynolds numbers, the
maximm velue of the lift coefficient obtained was 0.87. It will
be noticed that a meximum 1ift point is given in figure 5 at a
Reynolds mumber of 8.0 X 106 and no corresponding date are glven
in figure 4, The results for a Reynolds mmber of 8,0 x 100 were
substantially identical to those for a Reynolds number of 6.8 X 106-
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Asrodynamic Characterigtica in Yaw

The asrodynamic characteristiocs of the wing over a range of
yew angle at several angles of attack are presented in figure 6.
The lateral stablility parameters Cj ¥ Cn*‘, and Cy,, of the wing
are plotted in figure 7 ag a function of 1ift coef icient The
slopes of Cz\‘, n g and CY\lf were teken from the curves similer

to those of figure 6(a) at 0° angle of yaw and are therefore - .
appropriate to the values of 1lift coefficient for 0C yaw. At - o
1i1ft coefficients up to 0.4 the rolling moment increased ngarly .o
linearly with yaw in the direction to raise the forward wing panel. - .
Above this value the rolling moments change irregularly in the direction .
to lower the forward wing panel... This vepriatlon of rolling moment
with yaw indicates that the forward wing panel stalled first. Tuft
observations (fig. 8(b)) also indicate the same result-s. ’

At & 1ift coeffioient up to 0.3 the ya.wing moment of the wing
changss.very 1little with yaw. Above this va.lue the yawing moments
chenge fairly slowly a.nd. irregularly with yaw.

coefficient up.to a. :L:Lft coefficient of 0.1. At 1ift coefficient

of 0.1 thé meximmm valud of Ciy of O. Q00h corresponding to 2° of ' .
geométric :dihedral was obtained and Cy remeined approximately
constént from Cp = 0.1 %o. Cp, =.0.38. The value of Gy then
decreesed and finally reversed in sign at a 1ift coefficient of 0.45,
thet is, & negative dihedral effsct was obtained. The maximum

valus of Ciy of the wing 1s considered very small when compsred
with the meximm effactive dihedral of wings heving round 1ea,d.i.ng
edges (referenced 2)

The' effective d.ihedral parametsr Cp ¥ increased with lift .

The d.irec’ciona.l stability parameter Cn.q, -is approximetely
neutral up to & 1lift coefficiont of 0.45. The maximum value. of
Cny = ~0.0000Lk. was obtained at -a 1lift coefficlent of 0.26., Above
the 1ift coefficient of 0. h5 the value of Cn IV increeased rapidly
and un.f‘avombly : :

Tu.ft Stud.ies

The results of the tuft studies for 0° and 3.7° yaw are presented.
in figure 8. -

At zero yaw and low angles of attack the air flow over tho wing
is similar to that for a swept-back wing having conventional airfoil
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sectiong. At an angle of attack of about 5.5° there begins a span-
wise alr flow toward the wing tips starting at aboub 30 percent of
the semispan of the wing which causes tip stall. As the angle of
attack 1s increased the stalled region moves progressively toward
the root.

The tuft studies ‘at en angle of yaw of 3.T° (fig. 8(b)) indi-
cate that the forward wing panel starts to stall at a lower angle of
attack than the retarded wing panel. For angles of yaw greater
than 3.7° the tuPt studies indicate that the sgtall angle of attack
for the forvard wing panel is decreased as the angls of yaw is
further increased. For the higher angles of yaw (9.9°, 159, and 20.8°)
the forward wing panel 1s complebely stalled at high engles of attack,
vhereas the flow on the retarded wing pansl remains orderly.

DISCUSSION OF FLOW PHENOMENA

The results obtained with this wing are somswhat contradictory
to those that have been obtained. with swept-back wings having con-
ventional airfoil sections. It is, therefors, desirable to take
" note of same of the flow phenomens that produce these resulbs,
especlally since they are believed to be characteristic of highly
swept-back wings having ailrfoil sections with sharp leading edges.
A difference between the flow over wings of this type and wings.
having conventional airfoll sectlions with round leading edges is
to be expected inasmuch es the flow over the basic airfoll sections
themeelves is also guite different. Coneider First the flow over
the basic alrfoil in two dimensions. The sharp-leading-edge airfoll
le characterized by a very early separation at the leading edge and
the formation of a so-called bubble of separation, aft of which the
flow reestablishes itself and continues in a more or less normal
fashlon; whereas, & conventionsl section shich s characterized by nov Jriwsvw
an initial separatlion occurs st a much higher anzle of attack and ]
Turther aft on the airfoil surface. L -
a - - ’ S e . ’ T .
2! When the sharp-leading-edge wing is swept back, the flow tries
to separate at the leadingoedge at a low anale of atback (in +the

case of this wing about 5—2]2 or at a Cp, of about 0.3). On account

of the relief in the adverse pressure gradlent that resulis from
high sweepback, however, the agir simply flows spanwise at the leading
edge, These effects are indicated in the tuft surveys of figure 8(a).
The spanwise flow at the leadirng edge contributes greatly toward
the early stalling of the tip, which stalls first at the leading
edge duec to the combined effects of the spanwise flow and of bthe
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gharp leading edge. On swept-back wings with conventional airfoil
sectionsg, by contraet, the stall ordinarily hes been observed to
start at the trailing edze of the tip because of outward flow of
the boundary layer on the after portions of the wing.

When a swept wing sideslips, the effect is simlilar to that
vhich would be created by decreasing the sweep of the leading wing
and incrsssing the sweep of the tralling wing. Contrary to the
results obtained with wingas of conventlonal airfoll sections,
decrearing the sweep of the biconvex wing does not alleviate the
stall sppreciably, and in fact in same sweep ranges may, as in
this case, even agagravate it. Likewlse, increasing the sweep
of the biconvex wing may improve the flow conditions by a flow
mechanism similar to the large vortex observed on the DM-1 glider
after the sharp leading edges were added (reference 3). The
generally low effective dihedral of this wing and the early change
from positive to negative effective dlhedral then appears to result
from the combined effects of thess changes in the flow dus to the
sideslip and the early tip stall, The tuft swrveys of figure 8
shov these effechs quite clearly. Although high effective dihedral
has been one of the most seriouns problems confronting the designer
attempting to vee swepbt-back wings, the low effective dthedral of
this wing 18 by no means considered a solution to the problem,
becauss it would probably be almost impossible to maintaln adequate
lateral control by conventional methods after the tip had begun to
stall and because of thée longitudinal instability experienced at
moderate and high angles of attack. These problems do not appear
to be unsolvable, but further experimental Investigation and study
of the fundemental-flow phencmena will be required before they can
be successfully overcoms.

SUMMARY OF RESULTS

The resulte of force tests of a 45° ewept-back wing having
bilconvex airfoll sections in the Iangley full-scale tumnel are
summerized as follows: :

1. From low-speed consideratioﬁs, the wing hes poor character~
istics which are primarily due to early tip stallings.

2. The maximum 1ift coefficient obtained for the wing is 0.87.
3 ‘The wing is neutrally stable up to a 1ift coefficlent of

approximately 0.3 and above this value to a 1lift coefficlent of
approximately 0.5 the longitudinal stability of the wing increases,

Y
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.however, above a 1ift coefficient of 0.5 to about maximum 1ift
coefficlent the wing is longitudinally unstable.

k. The wing has high drag at high angles of aettack.

5. The wing has emall positive effective dihedral up %0 a 1iLL
coefficlent of 0.45 and above this valus the effective dihedral of
the wing is negative.

6. The wing has neutral directional stability up to a lift
coefficient of O.45 and sbove this value the wing becomes @irec=
tlonally westable.

T. The 1ift, the drag, and the pitching-moment coefficlents
are almost uwrnaffected by variations in Reynolds number.

Langley Memorial Aeronautical Laboratory
‘National Advisory Committee for Aeronautlces
Lengley Tield, Va.
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Figure 1.- System of axes. Positive values of forces, moments, and
angles are indicated by arrows.
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Figure 2.- Plan form of 459 swept-back wing.
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Figure 3.~ Side view of 45° swept-back wing mounted in the Langley full-scale tunnel.
Y= +3.7°,
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(a) Cyp, versus «,

Figure 4.- Effect of Reynolds number on lift, drag, and pitching-moment
coefficients of a 45° swept-back wing. A =3.5; A= 0.5; y=(°,
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Figure 8.~ Tuft studies for a 45° swept-back wing.
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Figure 8.- Concluded.
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